Abstract: Polymer brushes consist of an assembly of polymer chains that are attached by one end to the surface with sufficient grafting density. Binary brushes constituted from two incompatible polymers can be used in the form of ultrathin polymeric layers as a versatile tool for surface engineering to tune physicochemical surface characteristics as wettability, surface charge, chemical composition or morphology, and furthermore to create responsive surface properties. It is also possible to fix surface structures obtained in this way by (photo)crosslinking of the layers. Mixed brushes of oppositely charged polyelectrolytes are representing a special case of responding surfaces, which are sensitive to changes of the pH in aqueous environment. It is shown that structural changes occur in the plateau region of the adsorption isotherm of a model protein and that changes of the pH also cause changes in the structure of the adsorbed protein layer.
Introduction
A very promising means to optimize surface properties is the deposition of thin polymeric layers. Grafting techniques where the polymer is covalently linked to the surface have several advantages, as easy and controllable introduction of polymer chains with high surface density, precise localization of the chain at the surface, the possibility to graft different polymers on the same substrate, and last but not least long-time stability of the grafted layers.
The term 'brush' means in this context a dense layer of chain-like polymers with one end fixed on a substrate and the mean grafting distance shorter than the mean size of the polymers [1] . When grafting two (or more) incompatible polymers, the anchoring of the polymer chains prevents macroscopic separation of the system; this allow creating surface properties that on one hand combine the properties of the grafted polymers and on the other hand allow switching of the surface characteristics. Therefore, mixed polymer brushes, created from two or more polymers, represent polymer systems with remarkable responsive properties to external fields. Phase behaviour of mixed polymer brushes is determined by a competition of the mixing entropy, which favours a homogeneously mixed state, and the interaction energy, which is reduced by spatial separation of the incompatible polymers [2] . Fig. 1 . Switchable mixed A/B polymer brush in (a) a non-selective solvent; (b and c) in solvents selective for A and B polymers, respectively: ripple morphology in the non-selective solvent (a); dimple morphology in selective solvents (b and c) [3] Binary systems of mixed polymer brushes can be used, e.g., to create surfaces that are responding to environmental stimuli by switching between hydrophilic and (ultra)-hydrophobic or rough to smooth surface properties (cf. Fig. 1 ) [3] [4] [5] [6] [7] [8] . Polymer brushes can be fixed on inorganic substrates (as SiO 2 surfaces [3, 4] ) as well as on polymer surfaces such as polyamide [5] [6] [7] [8] . Flat surfaces can be modified just as particles or powders [9] . Binary brushes were also used to create reversible environmentresponsive surface patterning by photocrosslinking of one of the components [10, 11] and to obtain gradient layers for combinatorial approaches [12] .
Such systems are also representing a suitable concept to tune surface and interfacial properties of biomaterials. The primary processes, which take place when a material surface comes in contact with a biological organism, are the interactions with proteins and cells. These processes involve the modification of the physical and chemical properties of the interface on the one hand and, on the other hand, changes of the structure and properties of the involved proteins and cells, which causes a systemic response of the organism to the contact with the material. A variety of attempts have been made during the last decades to control the biological response to a material surface, e.g., by physico-chemical surface modification or immobilization of biomolecules. Besides the integral surface properties, micro-and nano-scaling interfacial properties, dynamics and the ability to adapt to external stimuli are more and more regarded as important for the design of biomaterial interfaces [13] . Thus, certain ratios of polar and apolar surface functionalities [14] were proposed, which was corroborated by proposing a concept of a micro-domain structure [15] .
Because polymer brushes represent such systems having micro-or nano-domains (e.g., polar and apolar, oppositely charged) they offer a promising and versatile tool to modify biomaterials in this sense and to control the physico-chemical constraints for the adsorption of bioactive molecules at the interface. Especially promising for such purposes appear polyelectrolyte brushes, as a special case of responsive surfaces, because the properties of such layers in an aqueous environment can be tuned by influencing electrostatic interactions and the osmotic pressure of the counter ions [16] , which is important for interactions with biomacromolecules as proteins and cells. Because the primary response of a biological system to a material surface is, as already mentioned, the adsorption of proteins, we investigated adsorption and conformational changes of model proteins on thin films composed of oppositely charged binary polyelectrolyte brushes.
Experimental part

Materials
Carboxy-terminated poly(tert-butyl acrylate) (PBA-COOH), M n = 42 000, M w = 47 000), poly(2-vinylpyridine) (P2VP-COOH, M n = 39 000, M w = 41 500), both obtained from Polymer Source Inc., Canada; 3-glycidoxypropyltrimethoxysilane (GPS) (Aldrich), Silicon wafers (orientation 100) with c. 1.5 nm native SiO 2 (Wacker Chemtronics).
Cleaning of silicon wafers
Wafers were treated several times with dichloromethane in an ultrasonic bath and then exposed to the cleaning solution (NH 4 OH : H 2 O 2 : water = 1:1:1) for 2 h at 60°C.
Silanization was performed using 1% GPS solution in toluene for 16 h.
Grafting of the polymers
The so-called 'grafting-to' procedure was used, i.e., the polymers were linked to the surface from polymer solution via a coupling layer (GPS) exhibiting reactive groups (epoxy), which can covalently bind to the carboxy-terminated polymers. The mixed brushes were synthesized using a two-step mechanism: A thin layer of carboxyterminated PBA was deposited on the GPS layer via spin-coating from a 1% methanol solution and annealed in a vacuum oven at 150°C for 20 min. The noncovalently bound PBA was removed by Soxhlet extraction with methanol. As the second polymer, P2VP-COOH was spin-coated in the same way and annealed for 15 h. The ungrafted polymer was removed again by Soxhlet extraction in tetrahydrofuran (THF). PBA was then converted into poly(acrylic acid) (PAA) by treatment with benzene saturated with p-toluene sulfonic acid monohydrate at 55°C for 1 h. The grafting kinetics was controlled in a way that symmetrical brushes were generated (cf. also ref. [16] ).
Proteins
Bovine (BSA, A-7638) and human serum albumin (HSA) were obtained from SigmaAldrich. The proteins were dissolved in phosphate-buffered saline (PBS, pH 7.4) containing 0.01 mol/l phosphate buffer, 0.0027 mol/l KCl and 0.137 mol/l NaCl.
Methods
Ellipsometry
Null ellipsometry (Multiscope, Optrel, Berlin, Gemany) was used to determine the thickness of the polymer layers and adsorbed proteins. The measurements were performed at a wavelength of 632.8 nm (He-Ne laser) and angles of incidence of 70° and 68° for the measurements in cuvette. For evaluation of the protein adsorption experiments and determination of the adsorption layer thickness on polyelectrolyte brushes an optical five or six layer model was used (silicon substrate with refractive index n = 3.8705 -i 0.0168 / SiO 2 and GPS as an effective optical layer with n = 1.445 / PVP with n = 1.5037 / PAA with n = 1.527 / protein with n = 1.3750 / ambient medium: air with n = 1 or buffer with n = 1.3318).
Electrokinetic studies
Streaming potential measurements were carried out in 0.001 M KCl solution using a PAAR Physica (Graz, Austria) apparatus with a self-made cell for flat substrates. The zeta-potential was measured as a function of pH, adjusted by 0.1 M HCl and 0.1 M KOH, respectively.
Contact angle measurements
Dynamic water contact angles were determined using a DSA 10 (Krüss, Germany) measuring system and Millipore water.
Protein adsorption
The substrates were immersed into the protein solution and after 6 h of adsorption rinsed with buffer and deionised water and dried in a nitrogen stream. The layer thickness of the adsorbed protein was measured by ellipsometry and the structure of the protein layer was investigated by atomic force microscopy (AFM).
Results and discussion
Responsive/switching behaviour of the polyelectrolyte brush layers
The mixed polyelectrolyte brushes show a sharp switching of the surface charge depending on the pH of the environmental solution. The isoelectric point (IEP), determined from streaming potential measurements in 0.001 M KCl solution, was found to be 4.9 for the mixed brushes, whereas for the homopolymer brushes values of 3.2 (PAA) and 6.9 (P2VP) were determined. Therefore, the mixed brushes show amphiphilic behaviour, i.e., the surface can be both negatively and positively charged depending on the pH. The mechanism of the switching behaviour of the mixed PAA/ P2VP brushes is schematically explained in Fig. 2 . At pH < 6.7, P2VP is protonated and a further decrease of pH increases the surface charge density of the positive charges. PAA behaves inversely, i.e., at pH > 3.2 it is more and more negatively charged due to the increasing dissociation of the carboxylic surface groups with increasing pH. In the region of 3.2 < pH < 6.7 the charged P2VP and PAA chains interact resulting in an uncharged surface at pH 4.9. Fig. 2 . Scheme of the switching behaviour of a mixed polyelectrolyte brush layer upon pH changes: below (A) and above the isoelectric point (B) Fig. 3 . Swelling of PAA/P2VP brushes: influence of pH on thickness d (A) and refractive index n (B) [16] This behaviour could be illustrated by investigating the swelling of the polyelectrolyte mixed brush layers at different pH values by in situ ellipsometry in a batch cell. A minimal layer thickness that corresponded to the thickness of the dry layer (6.4 nm) was found near the IEP. This behaviour can be explained by the existence of a collapsed polyelectrolyte complex at this pH. At pH values above and below the IEP a sharp increase of swelling was observed (Fig. 3) . For small pH values this is due to the highly protonated P2VP chains that are stretched away from the surface whereas the PAA chains adapt a compact conformation at the bottom of the film (cf. Fig. 2A ). The opposite is the case at high pH values when the PAA chains are stretched and dominate the surface characteristics. Fig. 3 demonstrates therefore that it is possible to switch the surface charge from negative to positive and to create even uncharged surfaces near the isoelectric point. For these changes only quite small pH differences are necessary. Normally a change of the surface charge goes along with changes of the hydrophilic/hydrophobic surface character. This was investigated by dynamic contact angle experiments using droplets of Millipore water. The advancing contact angles obtained in this way are shown in Fig. 4 . It can be seen that there are big differences between the values measured near the IEP (pH about 6) and the values at low and high pH values. It can also be seen that the contact angles for high and low pH values are similar although caused by positive charges at low and by negative charges at high pH values. This is also a proof for the symmetry of the binary polyelectrolyte brushes. It can be stated that the contact angle was strongly dependent on pH, reaching a minimum value when the PVP and PAA units are fully protonated and deprotonated, respectively. Except the small pH region near IEP where the surface turns to more hydrophobic surface characteristics the brush layer remains hydrophilic over wide regions of pH. The brush layers were measured after 10 min treatment with the solution and rapid drying using a nitrogen stream (freezing of the surface structure) [16] 
Protein adsorption
To test the behaviour of the polyelectrolyte brushes when coming in contact with biosystems, protein adsorption experiments with model proteins were performed. Here an example of the adsorption of bovine serum albumin from PBS buffer at pH 7.4 is given. The obtained adsorption isotherm of BSA on PAA/P2VP brush layers is shown in Fig. 5 . It can be seen that a plateau is reached already at a bulk concentration of BSA of 0.25 mg/ml. At a pH value of 7.4 both protein (having an IEP of 4.7) and the mixed polyelectrolyte brush surface (IEP = 4.9) are negatively charged, nevertheless BSA, as a 'soft' protein, was adsorbing due to hydrophobic interaction, which is a well known effect [17, 18] .
From the AFM images (Fig. 6 ) it can be seen that the structure of the layer is not changing when the protein concentration is increasing. With increasing bulk protein concentration the adsorbed layer becomes more and more homogeneous (which can be seen from the phase image), i.e., conformational changes may go on while the layer thickness is not changing anymore. The size of the protein clusters on the surface seems not to be changing after the plateau is reached (compare second and third picture in Fig. 6 ).
A different structure was found when adsorbing 0.25 mg/ml HSA from PBS on the same kind of polyelectrolyte brushes at pH 8.6. In this pH region when the electrostatic repulsion between surface and protein is even bigger, different, more lamellaelike structures, of the adsorbed protein layer were found (cf. Fig. 7) . The also found necklace-like structures are known from the collapse of semiflexible molecules in a bad solvent [19] . These results will be confirmed for more pH values with in situ streaming ellipsometric experiments, nevertheless it can be seen that the structure of the adsorbed protein layer was mainly influenced by the charge of the surface (IEP = 4.9) and the net charge of the protein (IEP = 4.7), which are both influenced by the pH of the aqueous solution during adsorption. Insight in the influence of wettability of the brush surface on protein adsorption could not be gained from these measurements because wettability differences of the brush in this pH region (between 7.4 and 8.6) were rather small. In future experiments protein adsorption will be studied over a wider range of pH and also with in situ contact angle experiments to investigate also possible changes of the liquid-solid interfacial tension during protein adsorption with the aim to learn more about the driving forces of protein adsorption on binary polymer brushes. 
Conclusions
Symmetrical polyelectrolyte brushes were prepared via the 'grafting-to' approach by grafting PBA-COOH and P2VP-COOH in a two-step procedure to the surface. After converting PBA into PAA, binary 1:1 brushes of PAA and P2VP were obtained. These brushes were switchable by the pH of the environmental aqueous solution responding even on quite small pH changes with modulating surface charge and wettability. Because these surfaces represent a promising tool to create biomaterials with nanoor micro-domain structure, their influence on the adsorption of model proteins, symbolizing the first molecules which come in contact with a surface that is immersed in a biosystem, was investigated. Adsorption experiments from solutions of BSA and HSA were performed and investigated with several methods concerning the thickness and morphology of the adsorbed layers. It was found that also in the plateau region of the adsorption isotherm of BSA structural differences can be observed and that a shift of pH from 7.4 to 8.6 causes differences in the structure of the adsorbed protein layer. This will be investigated concerning the influence of the brush surface charge and the net charge of the protein-on-protein adsorption at different pH values in more detail in future studies. 
